INTRODUCTION

Reproductive isolation
Can reproductive isolation be directly selected, rather than arising merely as a by-product of selection for other characters? Much stress has beenplaced on this possible adaptive role of selection in species formation (e.g., Wallace, 1887, p. 173;  ch. 5, Dobzhansky, 1951) . However, there is remarkably little evidence that selection has in fact acted to increase isolation (Grant,1975; Barton and Hewitt, 1985; Butlin, 1976) . This is partly because it is difficult to find unambiguous signs of past selective processes; but it may also be because the process is inherently unlikely, as some theoretical studies have indicated.
It is possible to envisage genetic systems in which the reinforcement of reproductive isolation is possible both before (Crosby, 1970) and after (Coyne, 1974) zygote formation. Selection can more easily favour the evolution of prezygotic isolation, since there is a direct advantage to an individual in not wasting effort in mating with incompatible genotypes. However, even here there are difficulties: changes in the reproductive system may be disadvantageous (Paterson, 1978) ; if the divergent populations only hybridise in a narrow region, changes may be swamped by gene flow and may be limited by lack of suitable variation (Barton and Hewitt, 1981b) . In addition there are stringent conditions for the selection of isolation in model systems: it requires strong selection against hybrids and genes causing almost complete assortment, or very tight linkage between genes for pre and postzygotic isolation. (Caisse and Antonovics, 1978; Felsenstein, 1981; Spencer et a!., 1986) .
'Whether selection will be able to reinforce postzygotic isolation by strengthening prezygotic isolation depends, therefore, on the presence of suitable variation in assortment, the presence of selection against hybrids, and on the genetic relations between the two. Here, we report the presence of assortment in an area of contact where there is known to be strong selection against hybrids, but which nevertheless fails to induce significant reproductive isolation.
The organism
The narrow hybrid zone between two races of the wingless alpine grasshopper Podisma pedestris has been studied intensively for 10 years in several locations in the Alpes Maritimes (Hewitt, 1975; Halliday et aL, 1984) . Here, Podisma is found mainly between 1500m and 2500m. It is is univoltin overwintering as eggs which are laid in peat or loose soil. Laboratory-reared females lay pods with an average of 15 eggs. Successive pods may be laid within 5 days of each other, and one copulation will serve to fertilise several pods. One race appears to have been derived by a centric fusion between the X chromosome and a large autosome (John and Hewitt, 1970; Westerman and Hewitt, 1985) . The fused chromosome can be designated XA, and the unfused chromosomes XA (Otherwise called XY and XO). There are five possible karyotypes XAA and XAA males, XAXA, XA XA and XA XA females. Males only have a single X chromosome: thus, the centric fusion behaves as a straightforward sex-linked gene.
From consideration of the way the ranges of the two races would have changed during the past climatic fluctuations, it appears that they met over 6000 years ago (Hewitt 1975) . Because it has persisted on isolated mountain tops, the chromosomal dine between the races would not seem to be moving significantly (Barton and Hewitt, 1981a) . There is no detectable transition in habitat across the dine (Nichols, 1985) ; it appears to be maintained by some form of selection on the chromosomal fusion (for example, through slight sterility of female heterozygotes) which prevents one karyotype penetrating into the range of the other.
The eggs of females from the middle of the zone show only 43-81 per cent of the viability of the eggs of females on either side in both laboratory (Barton, 1980; Barton and Hewitt, 1981c) and field experiments (Nichols, 1984) . Crosses indicate that this inviability is not associated with the chromosomal fusion itself: it is most likely due to large numbers of genes of a small effect (Barton and Hewitt, 1981c) . Despite strong overall selection there is no evidence of a barrier to gene flow between the two races: there are no detectable allozyme or morphological transitions (Halliday et a!., 1984; Barton, 1979 ) and the chromosomal dine shows no evidence of the sharp step that would be produced by a barrier (Barton et a!., Genetics (subm.)) Any reproductive isolation must therefore be incomplete.
METHODS
Sampling strategy
Collections at any one site were made from within a 20 m radius, an area judged on the basis of the movements of marked grasshoppers to contain a panmictic population (Barton and Hewitt, 1982; Nichols, 1984 Barton and Hewitt, 1981a) . They were collected in mid-August, about 14 days after adults first eclosed.
In this time the females had mated in the field, and had stored enough sperm to fertilise their eggs. The females were transported rapidly back to the laboratory, kept alone, and allowed to lay in moist peat and sand. One pod was collected from each female, and embryos were dissected out about 15 days after laying, before they entered their obligate winter diapause. Each embryo was cultured in 005 per cent colchicine in hypotonic insect saline for 30 minutes at 37°C, and fixed in 3: 1 ethanol/ethanoic acid.
Karyotyping mating pairs
When Podisma copulate, they can remain locked together for over 2 hours. Mating pairs were, therefore, readily identified and collected in the field. On two occasions collections of pairs were made and then karyotyped to determine if they had coupled assortatively. Collections were made from 29 sites in July 1980. Up to 22 males were collected from each site to determine the male karyotype frequency. All the sites were within the same 500 m radius section of the zone as the gravid female collection (Section B, Fig. 3 Barton and Hewitt, 198la) . The second collection was made in August 1982 from site 248 near Seyne-les-Alpes ( fig. G3 , Nichols 1984 , near site 211, Halliday eta!., 1984 where far more mating pairs could be collected within a 20m radius (table 3) .
Only well joined pairs were kept (i.e., those that did not spring apart when picked up). The males' testes were dissected out and fixed in 3: 1 ethanol/ethanoic acid. The females were injected with ml insect saline with 005 per cent colchicine. They were left overnight, and then their ovarioles and gastric caecae were dissected and fixed in 3: 1 ethanol/ethanoic acid.
Preparations of the fixed material were squashed in lacto-propionic orcein and the karyotype was scored under a light microscope.
RESULTS
The frequency of fertilisations in eggs from gravid females
The karyotype of the mother can be inferred from the sex chromosomes of male offspring (i.e., XAA or XA A): they must be of the same type as one of the mother's, since there is no paternal contribution. Homozygous female offspring give similar information. The egg pods, obtained from gravid females, could be divided into three classes. The largest class was those definitely produced by hybrids (XA XA): those in which the female had passed on XA chromosomes to some embryos, and XA to others. The other pods were assigned to either XAXA or XAXA females. A pod produced by a hybrid female may have been misplaced in one of these latter classes because, by chance, she may only have passed on one type of chromosome to the embryos in question. This will have been very rare; the mother's contribution is known in 6 eggs per pod on average, (the probability that they have the same chromosome 0.55 = 0.03 1) and therefore this type of error is not frequent enough to affect our conclusions. In any event it will not give a biased indication of homogamy.
The karyotype of the male that has fertilised an egg can be deduced from the homozygous female offspring of hybrid females, and from all female offspring of homozygous females. Overall the karyotype of fertilising sperm can be deduced in somewhat less than half of a female's eggs. between the 3 female karyotypes (KruskalWallace ANOVAR, H = 171, P <0.001). By considering more specific models of assortment we will see that it is possible to extract more information from the data. Evidence of fertilisation by both karyotypes was only found in of the pods (table 1) . This can be explained if the females had mated only once or twice before capture. This accords with the observed mating frequency in field enclosures (P. Comparing the data with the distributions specified by the various models supports the assertion that many females mated only once (table 2, fig. 1 ). Models which allow for singly mated females have significantly larger likelihoods than the model which assumes that all females mate frequently (hence producing a binomial distribution of fertilisations, Model 1).
The significance of the likelihood differences can be determined using a G statistic (G =twice the log likelihood difference). When the models being compared have the same number of parameters, G0> 4 is conventionally accepted as being significant (i.e. the log, likelihood ratio, ln (L) > 2, see Edwards, 1972) . If the models have different numbers of parameters, then Gd can be treated as an estimate (Sokal and Rohlf, 1981, p. 695) . For the assessment of the frequent mating model (model 1) against its alternatives, which allow for infrequent mating, the G values are:
G0= 1170 (comparison with model 0 which assumes no assortment); = 141 6, p << 000 1 (comparison with model 2 which assumes assortative fertilisation); G2 = 1442, p << 000 1 (comparison with model 3 which assumes assortative mating); G3 = 1526, p << 0001 (comparison with model 4 which assumes assortative mating and variation in the frequency of remating). We consider the relative merits of the alternative models below.
Mating pairs
Although the embryo kayotypes show strong evidence of assortment, the mating pairs show none. The total of each combination of mates is shown in table 3. There is an excess of the combinations of the same race. This was to be expected, through the Wahlund effect, if the females mated at random with males occurring in the frequency found in the corresponding male collections (table 3). The females' mate choices were almost identical with the expectations under random mating in each population, and were significantly less likely to have resulted from model 3 (Ln (L) = 95). The information from the embryos and mating pairs can be combined since ln(L) (support) from independent experiments is additive (Edwards, 1972) . the combination of karyotypes found in Figure 2 A probability tree setting out the possible reproductive histories of a female before capture. A particular history is represented by a journey along the tree from left to right. The probability of traversing a particular route is given by the symbols in brackets. Estimates of these values are given in table 2. The proportion of fertilizations by XA sperm is given at the terminal end of each branch. model 2 ( a slight preference for XA males by all females, see table 2) than that predicted by model 3 (assortative copulation): ln (L) = 71. The combined support difference between the two models is 71 added to the difference in table 2 giving 7.1+(1l87-1200)=58 Thus model 3 can be rejected in favour of model 2. More complex models involving assortative mating can be found to give a better fit (e.g., model 4); but these are ad hoc constructions, and furthermore none have been found with sufficient support to justify the extra parameters. The combined support for model 4 over model 2 is -53 (mating pair data)+ 120-1145 (embryo data)=02, G2=04(n.s.).
Thus, assortative fertilisation is the most straightforward explanation of the results.
Fertilisations in heterozygous females
Random fertilisations would produce 50 per cent XA XA female offspring from XA XA mothers.
The observed proportions are given in table 4.
There is a significant deficit of XA XA offspring (88: 120; x2 = 492, p <0.05).
ALTERNATIVE EXPLANATIONS
The large excess of embryos formed by the union of similar karyotypes (an excess of 129 in a sample of 933) cannot be explained by the death of hybrid embryos. Detailed studies of hybrid mortality and genetic inviability indicate that it acts after diapause (Barton, 1980; Barton and Hewitt, 1981c) , whilst these embryos were fixed before diapause. Furthermore, only 52 eggs out of 985 that might have contained hybrid embryos were necrotic. One alternative is that parthenogenically produced embryos were mis-identified as the offspring of homogametic matings (because they are homozygous females). This is unlikely, since these embryos can be recognised because they 4 ). In any event it is difficult to imagine how the heterozygous females' eggs could differentiate between the two types of sperm. The karyotype of the haploid egg is decided after the first meiosis. This division occurs after fertilisation; thus there is no obvious basis for discrimination between the XA and XA sperm at fertilisation.
The apparent absence of assortative copulation could be misleading. If homokaryotypic matings tend to take less time, then the proportion of homokaryotypic pairs would underestimate the copulation frequency. An underestimate could also be made if the order of copulation affected the males fertilisation success. (Non random fertilisation is found in other Orthoptera, e.g., see HunterJones, 1960; Sakaluk, 1986) . If, for example, the first male procured most fertilisations, and only the first matings tended to be assortative, then the assortative trend could be underestimated by scoring all copulations. Both these errors seem unlikely since observations of pairs in field enclosures show no detectable variation in mating order, or duration, with karyotype (P. Mason, personal communication). If fertilisation is not independent of the order of insemination, then this would cause the remating frequency to be underestimated, but would not give the illusion of assortative fertilisation by itself.
If karyotype frequency varied within the collecting area then the Wahiund effect could generate homogamy. However, two independent assessments of Podisma dispersal distance (Nichols, 1984; Barton and Hewitt, 1982) indicate that the collecting area was small enough to be a panmictic unit. In addition, pairs collected from the same sized area at Seyne do not show a significant Wahlund effect; and the proportions are significantly different from those needed to generate the observed homogamy (table 3) .
DISCUSSION
The existence of karyotypic homogamy will produce a deficit of female heterozygotes; yet, as in previous studies, no significant deficit has been detected (table 1 Barton Nichols, 1984 Only artificial constraints on the proportions of uniting gametes can allow assortment without any tendency for gene frequencies to change (O'Donald, 1980) . However, the width of the chromosomal dine is not consistent with strong sexual selection on the chromosomal fusion. If the dine is maintained by a balance between selection and dispersal, then selection can be calculated from the width of the dine and the dispersal rate of Podisma. These values have been measured: the width is 800 m, dispersal is <20 m in a generation. This implies a selection of only 05 per cent on the fusion (Hewitt and Barton, 1980) . The coexistence of strong assortment with weak selection on the chromosomal dine is hard to understand, although it is not directly paradoxical. One possibility is that the assortment is not a direct pleiotropic effect of the fusion, but is caused by other loci in disequilibrium with the fusion.
The assortative fertilisation found here could be interpreted as a consequence of selection to reduce the production of unfit hybrids. Such assortment benefits the female, since it reduces the number of her eggs which are chromosomally heterozygous. There is no obvious benefit to a male from assortative fertilisation as it will often reduce the number of fertilisations he obtains, after he has spent several hours courting and copulating apparently at random. In any event, the selection pressure favouring assortment is likely to be weak. First, selection against chromosomal heterozygotes is, judging by dine width and direct measures weak (Barton, 1979) ; moreover, the reduction in heterozygote frequency caused by homogamy is small. Secondly, the reduction in hybrid viability in the field is substantial, and is of the same order as in forced matings in the laboratory (Nichols, 1984) . Thus, there is no evidence that the assortative fertilisation has any effect in reducing the loss of fitness due to hybridisation.
Part of the reason may be that the hybrid inviability is spread over so many genes. After a few generations of interbreeding when the two races met, the inviability alleles will have been intermixed. In the middle of the zone all possible pairings would then produce offspring of low viability, thus reducing the benefits of assortment. On the other hand, any assortment gene would generate a disequilibrium with linked inviability loci, thus increasing the potential for reinforcement.
A more fundamental obstacle to assortment was recognised by Dobzhansky (1951) : genes causing strong assortment will often have deleterious side effects such as reducing the probability of mating or of fertilisation. Barton and Hewitt (1981b) have demonstrated that only alleles with very weak deleterious effects, and very strong assortment, will avoid being swamped by gene flow from outside the zone. The absence of strong reproductive isolation can be tentatively ascribed to the rarity of such a combination.
APPENDIX A
The general scheme summarised in fig. 2 was used in the analysis. It is a probability tree, the life of a female being represented by a journey along the tree from left to right. The probability of travelling along each branch of the tree is indicated in brackets. The proportion of fertilisations expected from males of each karyotype is given at the end of the terminal branches. For a given combination of probabilities for each route shown in fig. 2 (b) Y = Y' i.e., the relative probability of mating with an XA A male is not affected by the past experience of the female.
(c) In mixed matings (i.e., by both X'AA and XA A males) each egg has the same probability (F1) of being fertilised by XA sperm, irrespective of the order of mating.
There is not enough information in the embryo karyotype data to estimate accurately all the parameters in fig. 2 . However; various biological constraints limit the possible values. Different constraints distinguish models 0, 2, 3 and 4, whilst model 1 does not allow for the possibility that The combination with the maximum likelihood was found using the OPTIMIZE directive of genstat (© Lawes Agricultural Trust, Rothamsted, U.K.). This is an iterative method which is initially given a set of parameters thought to be near the maximum likelihood set. It successively chooses new values, using a Newton-Raphson method based on differences, until no set with a greater likelihood can be found. Table 2 lists the maximum likelihood values, and an estimate of standard error, approximated by i/./i, where I is the second derivative of the log likelihood.
